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ABSTRACT: There is a need for soft actuators in various biomedical applications in order to
manipulate delicate objects such as cells and tissues. Soft actuators are able to adapt to any shape
and limit the stress applied to delicate objects. Conjugated polymer actuators, especially in the
so-called trilayer configuration, are interesting candidates for driving such micromanipulators.
However, challenges involved in patterning the electrodes in a trilayer with individual contact
have prevented further development of soft micromanipulators based on conjugated polymer
actuators. To allow such patterning, two printing-based patterning techniques have been
developed. First an oxidant layer is printed using either syringe-based printing or micro-contact
printing, followed by vapor phase polymerization of the conjugated polymer. Sub-millimeter

patterns with electronic conductivities of 800 S-cm™ are obtained. Next, laser ablation is used to



cleanly cut the final device structures including the printed patterns, resulting in fingers with
individually controllable digits and miniaturized hands. The methods presented in this paper will
enable integration of patterned electrically active conjugated polymer layers in many types of

complex 3-D structures.

1. Introduction

The recent and rapid development of bioelectronic devices such as implantable or wearable
electronics, neural interfaces, drug delivery systems, and soft actuators have highlighted the need
for soft, flexible, and stretchable electrodes and wires. Conjugated polymers (CPs) are the
materials of choice for interfacing electronic devices with natural tissue and cells due to their
combination of electronic and ionic conductivity, biocompatibility, low cost, the ease of
processing, and their ability to undergo reversible oxidation and reduction reactions.'’ CPs with
good chemical stability exhibiting electronic conductivity above 1000 S-cm™ are now common.®”
' However, these CP layers are frequently coated without patterning, and must therefore be
patterned, for instance, to form individual electrodes, in order to obtain functional devices.!' A
variety of techniques have been used to pattern these materials at the micro/nano scale.'>'"> This
can be achieved by electropolymerization onto patterned gold electrodes, but the poor adhesion
of the gold layer to both the CP and the underlying substrate limits device lifetime.'*'® The
subtractive patterning of a CP layer by laser ablation'’ or reactive ion etching'® is extremely

difficult to perform on multi-layered materials, as it is difficult to ensure that only the CP



material is removed without disturbing any underlying polymer layers. Over-oxidation
(electrochemical or oxidative deactivation) of CP layers can also be used for patterning, but this
method only locally disrupts the electrical conductivity, while physical removal of the electrode
material is also often required.'® Rational fabrication of bioelectronics devices based on CPs
requires new patterning techniques that are compatible with batch fabrication processes that use
bottom-up microfabrication techniques. PEDOT-PSS dispersed in water, e.g. Clevios S™ from
Heraeus, is directly patternable by screen printing,” is able to present high electronic
conductivities’'** but has diminished electrochemical capacity per unit mass due to the mass
contribution of the counterions and additives used. In the case of actuator applications, vapor
phase polymerization (VPP), in combination with reactive ion etching, has enabled batch

fabrication of simple CP actuator devices that can operate in air.'*'**

CP actuators utilize the volumetric expansion caused by the oxidation or reduction of the CP.
A typical CP actuator structure (see Figure 1) is the so-called trilayer configuration, where the
outer layers consist of CPs and the middle layer is a polymer electrolyte (ion reservoir). When a
voltage is applied, the CP layer at the cathode is reduced and the CP layer at the anode is
oxidized. Cations and/or anions migrate, compensating the charges formed on the CP chains,
maintaining electroneutrality, and inducing opposing volumetric changes in the electrodes. The
simultaneous expansion and contraction of the CP layers sandwiching the polymer electrolyte
causes the trilayer beam to bend. This bending is reversible, so applying an alternating potential

. 24,2
causes the beam to oscillate.?**’



CP charges
@ Cation
@ Anion
Copper electrode

Conjugated polymer

Figure 1. Schematic showing CP trilayer actuation. The dark layers represent the CP layers, which sandwich an
ionic conductive polymer electrolyte membrane, shown in white. Three different actuation states are presented: the
unbiased state (center), and the positively and negatively biased states (left and right, respectively). Note that the

device is symmetric and that the applied potential defines the direction.

These trilayer CP actuators, operable in air, have been scaled down to the micro-domain, and
multiple bending beam type microactuators have been fabricated in parallel.”® Unfortunately, the
previously-reported parallel actuators could not be operated individually as the micropatterning
method did not allow individual independent electrical connections. Individually controlled
actuation has been demonstrated at the centimeter scale using classically-micropatterned metal
electrodes with electrodeposited polypyrrole (PPy).>” However, the latter method required
flipping the substrate during processing, making the alignment of the various layers difficult,
hampering microfabrication and hindering scale-up and commercial development. To pattern CP
electrodes at microscale resolution, we recently developed a bottom-up microfabrication method,
unfortunately, these trilayer actuators did not show the large deformations expected with CP
2829 5

actuators because the electrolyte membranes used had relatively low ionic conductivity.

few attempts have been made to obtain micropatterned CP layers using soft lithography and



VPP, but the adhesion of the resulting electrode was insufficient for devices undergoing large

. 11
deformations. '**°

Here, we present two patterning methods, micro-Contact Printing (WCP) and syringe-based
printing, suitable for VPP. Although we focus on CP actuator processing in this paper, these
methods are suitable for microfabricating many kinds of devices comprising CPs. These two
methods allow the patterning of micro- to millimeter-sized electrodes and wires. The resolution
of each patterning technique was evaluated by printing circular or square micrometer-sized
shapes for uCP and millimeter-sized lines for syringe-based printing. The resolution achieved
with both techniques enabled us to demonstrate active CP electrodes connected to contacts with
thin addressing lines. Finally, the capabilities of the novel patterning methods are demonstrated

by fabricating a soft actuator based on CP technology.
2. Results and discussion
2.1. Polymer electrolyte

We have chosen to use the semi-interpenetrating network (IPN) poly(ethylene oxide)-
nitrilebutadienerubber (PEO-NBR) to obtain a robust solid polymer electrolyte (SPE) with
sufficient ionic conductivity.'® To fabricate high performance CP actuators, the center polymer
electrolyte layer (Figure 1) should be a membrane swollen by an electrolyte with a high ionic
conductivity, allowing efficient ion migration between the adjacent CP electrodes, and capable of
high bending deformation without fracture. This currently limits the choice to three membrane
materials: poly(ethylene oxide)-nitrilebutadienerubber interpenetrating network (PEO-NBR IPN)

31,32

membrane, the commercial porous polyvinylidene fluoride (PVDF) membrane® and the

PVDF ionic liquid gel membrane.>* The porous PVDF membrane cannot be fabricated on a



substrate using spin coating. The PVDF ionic liquid gel is difficult to use because common
patterning sequences require immersing the membrane in various solutions, leading to leaching
of ionic liquids out of the membranes and limiting the robustness of such processes. Hence, the

semi-IPN PEO-NBR was chosen.
2.2 Vapor-phase polymerized PEDOT

VPP methods have shown to be suitable for obtaining strong adhesion between CP electrodes
and the membranes described above. VPP is a heterogeneous oxidative polymerization reaction
between an oxidative surface and a gaseous monomer. VPP was carried out for 30 min at 40 C

under a vacuum atmosphere of 1 mPa (Figure 2a).

We have previously used VPP to fabricate CP trilayer actuators with an interpenetrating

polymer network based on PEO-NBR as the center electrolyte layer.’'*

The process started with
VPP of PEDOT on the substrate, followed by the PEO-NBR deposition and polymerization, and
finished with a second VPP of PEDOT on top of the membrane.> The structure was cured for 1

hour at 80°C to obtain crosslinking at the interfaces (described below)."
2.2.1 Effect of PEGM-PEGDM on polymerization

Oxidant solutions were mixed to yield between 0 and 50 wt.% ethylene oxide methacrylates
(PEGM-PEGDM, see Experimental section) added to 40 wt.% Fe (Tos); oxidant solution (in
Ethanol/Butanol mixture). It has been shown that various additives and ethylene oxide
derivatives’”"~ help to reduce the crystallization of Fe and reduce the rate of polymerization,
leading to highly ordered CP films with high electronic conductivity (on the order of 10° S-cm’

1,378 The acrylate oligomers in our oxidant solution promote adhesion of the CP layer to acrylic



substrates with the addition of a post-processing step that induces the formation of covalent
bonds between the layers.'’ Figure 2b reports the thicknesses and the conductivity of the CP
layers resulting from VPP with solutions with varying PEGM-PEGDM content. VPP carried out
with an oxidant solution without the ethylene oxide methacrylates leads to a thickness of 100 nm.
The highest measured conductivity was 800 S-cm™ for a film of 200 nm thickness prepared from

an oxidant solution containing 30 wt% PEGM-PEGDM. The high conductivity of this CP layer

S 35,39
allows (metal-free) electropolymerization of subsequent polymer layers.”
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Figure 2. Vapor phase polymerization a) Schematic of the process, b) Thickness, and c) conductivity of the

resulting PEDOT layer as a function of PEGM-PEGDM content used in the oxidant solution.

2.2.2 Effect of PEGM-PEGDM on surface interaction

Interactions between the oxidant solution and several substrates used in our patterning
techniques have been analyzed. The contact angle (©) of the oxidant solution with varying
PEGM-PEGDM content on different substrates is presented in Figure 3. We measured the
contact angle of the oxidant solutions on PDMS with and without O, plasma treatment, glass,

polyvinyl alcohol (PVA), PEO-NBR IPN, and PVDF.
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Figure 3. Contact angles of the oxidant solution on several substrates, as a function of the PEGM-PEGDM content

in the solution.

The contact angle of the oxidant solution for each of the formulations was very high (above
50 °) on PDMS, glass, and PEO-NBR substrates. When the PDMS was treated with an O,
plasma, the observed contact angle decreased significantly. The oxidant solution had a stronger
interaction with the PVDF and PV A substrates, but the contact angle surprisingly increased to
38 ° when we add 10 wt.% PEGM-PEGDM to the oxidant solution. The value of the contact
angle on the PVDF and PVA decreased again with increasing PEGM-PEGDM content. The
tunable affinity between the oxidant solution and substrates has consequences on the quality of

the reproduction of patterns after polymerization, as described in the coming sections.

2.3. Oxidant patterning

To achieve highly conductive high-resolution patterns of CP electrodes, we first pattern the
oxidant solution and then perform VPP, instead of directly printing or patterning a CP layer. As
mentioned previously, two different techniques have been developed to pattern the oxidant

solution: pCP and syringe-based printing. For nCP, square patterns were created on a PDMS



stamp and used to verify the

technique’s ability to reproduce shapes with sharp corners. The uCP process, and syringe-based
printing are illustrated in Figure 4. After patterning the oxidant with one of these techniques,
VPP is performed on the oxidant, forming a nicely-patterned CP layer. Next, a multi-layered
structure comprising a polymer electrolyte and a second patterned CP layer can be formed,

which thereafter can be processed using laser ablation (Figure 4.)
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Figure 4. Process flow of the fabrication of conjugated polymer actuators: p-contact printing and syringe-based
printing techniques for use with vapor phase polymerization. 1) The PDMS stamp is pressed onto the oxidant
solution deposited by spin-coating on a glass slide. 2) The PDMS stamp is removed from the substrate and the
oxidant solution adheres to the pattern of the PDMS stamp. 3) The oxidant pattern is reproduced onto a substrate
covered by either a PVA or a PVDF layer. 4) The stamp is removed, leaving the oxidant pattern deposited onto the
substrate. The syringe-based printing must be realized onto a glass slide. The vapor phase polymerization is
following the creation of this oxidant pattern. A polymer electrolyte layer can be deposited before the deposition of a

subsequent CP layer. The laser ablation is used to cut cleanly the final device.

2.3.1 p-contact printing

The interaction between the fluid (oxidant solution) and stamp and substrates are particularly
important when using pCP, as these interactions influence the resolution and shape of the
resulting pattern. To transfer the oxidant solution from a temporary substrate (onto which the
oxidant solution was applied via spin coating) to the stamp, the affinity of the oxidant solution
for the temporary substrate must be less than its affinity for the stamp. Surface-treating the
PDMS stamp with oxygen plasma dramatically increases the solution’s affinity for the PDMS. In
the second step of the process, the solution’s affinity for the target substrate should be even
greater than its affinity for the PDMS stamp. The contact angle measurements for all
compositions of the oxidant solution show that the solutions affinity for glass is less than that for
plasma-treated PDMS, which in turn is less than its affinity for targets substrate of either PVDF
or PVA. In other words, the process outlined in figure 3 moves the liquid from substrates on
which it has the highest contact angle to materials on which it has progressively lower contact
angle (BGass > Oppms > Opva). The combination of pCP with vapor phase polymerization allowed

us to easily create well-defined micro-patterned electrodes with high conductivity. Figures 5a-b
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show the micro-patterns obtained on a PVA substrate. It shows that it is possible to produce
highly defined micro-patterns on such a surface. This technique allows reproduction of different
patterns with sizes between 100 and 500 pm and a minimum spacing distance of 50 um onto
both PVA and PVDF substrates (Figure S1). Circular, rather than square, patterns are obtained
when 10 wt.% PEGM-PEGDM is present in the oxidant solution, while more accurate
replication of the square pattern of the stamp was obtained for 30 wt.% additive content in the
oxidant solution onto both PVA and PVDF substrates. This observation is consistent with the
maximum in measured contact angle between the oxidant solution and all substrates. This result
indicates that that we can fine-tune the shape of the pattern using the formulation of the oxidant

solution, which we believe warrants further study.

One advantage of pCP is that a complete layer of complex device architecture can be patterned
in a single step. To demonstrate this, we made a PDMS stamp with the actuator lay-out of the
first layer comprising two individually controllable electrodes/actuators, leads/wires, and contact
pads. We used pCP to fabricate millimetric electrodes with 600 um wide conducting lines in a
single printing step (Figure 5c). The high conductivity obtained for the electrodes allowed us to
cover the thin PEDOT electrodes with a PPy layer in a subsequent electropolymerisation step

with homogeneous thickness (8 pm, Figure 5¢).

Unfortunately, we have been unable to use this technique to fabricate CP electrodes on the
highly ionically conductive membrane PEO-NBR due to the insufficient affinity between the
oxidant solution and the PEO-NBR membrane (6>60°) compared to affinity for the plasma
treated PDMS stamp (0<40 °). O, plasma treatment of the PEO-NBR membrane reduces the

surface energy (measured contact angle), but induces other problems such as penetration of the
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oxidant solution into the membrane, causing the membrane to swell. If one wants to fabricate

patterned multilayered CP device with this method, new SPE membranes need to be developed.

Polypyrrole
Electro-
polymerisation

.

Figure 5. nCP PEDOT patterns. a) Pattern on PVA obtained after 30 min of VPP onto a nCP-patterned oxidant
layer with 10 % PEGM-PEGDM, b) The pCP pattern obtained with the same process but with 30 % PEGM-
PEGDM, c) Using uCP, large electrodes (<10 mm?”) with contact pads and connecting lines (600 um wide) were
obtained with VPP on an oxidant layer with 10 wt% PEGM-PEGDM in a single printing step. These active
electrodes can then be homogeneously covered by a thick layer of PPy using electropolymerisation. Note that the

contact pads were not exposed to the electropolymerisation solution and thus are not covered with PPy.

2.3.2 Syringe-based printing

For syringe-based printing, a different interaction between the oxidant solution and the
substrate is necessary. To prevent the solution from spreading onto the substrate, but rather retain
the shape of the pattern being printed, the affinity of the solution with the substrate should be
relatively low (O > 50 °). Both glass and PEO-NBR substrates have a surface energy appropriate
for patterning the oxidant layer using syringe-based printing, thus enabling the fabrication of

patterned CP trilayer devices.

13



Figure 6 shows the principle of fabricating individually controlled trilayer actuators with
individual contacts on the same polymer film using syringe-based printing. The line resolution of
the patterns obtained in this work was ~1 mm. The resolution is limited by the size of the needle,
solution viscosity, the oxidant solution interaction between the tip of the needle and the substrate,
the gap between needle and substrate, and the spreading of the material on the surface. Further

optimization of these printing parameters would allow higher resolution patterns to be printed.

a) Top View Cross-section

Glass slide [ ]

Syringe-based

R VPP
printing

l=_ =
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g [ ]
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printing

1 l ]

b) Peel-off

@ Actuator 3

e 1 s }_Bottom
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. g S Top
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Figure 6. a) A schematic of the patterning process for the fabrication of a CP trilayer actuator device. The bottom
electrodes were deposited by syringe-based printing of the oxidant solution on glass, followed by VPP of PEDOT.
The second step is the spin coating and the curing of the PEO-NBR membrane. The third step is the patterning of the
second layer of electrodes using the same method used for the first electrode layer. Special attention was paid to
align the actuator electrodes. The last step is to peel the trilayer membrane from the glass substrate (not shown). b)
A photograph showing the finished device, designed as a finger with two joints that can be individually controlled. It

comprises 3 actuators, integrated electrical leads, and contacts. Actuator 1 forms the first joint and can be controlled
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via the outermost leads. The second joint is formed by actuators 2 and 3 that are electrically interconnected and can

be controlled by the inner leads.

2.4. Laser ablation

As the final processing step (after polymerization and before removal from the supporting
substrate), the actuator device needs to be cut out from the rest of the membrane to release the
actuating beam. Previously, this was done using reactive ion etching (RIE) where the final device
structure was defined by a photoresist pattern.”® This was possible since the continuous CP layer
on top of the SPE protected the SPE from swelling caused by the photoresist processing.
However, if the top CP layer, i.e. the layer on top of the SPE, is already patterned, as is the case
for our VPP patterned CP electrodes, photoresist cannot be used since parts of the SPE are
exposed to the solutions used in the photoresist process, causing swelling.* Here, we used laser
ablation to define the final device shape. Laser ablation has a lower resolution than
photolithography combined with RIE, but is more versatile in rapid prototyping applications. We
have patterned an individual beam with 60 x 500 x 2000 pm® geometry and a contact pad (Figure
7b), and millimeter-sized hands (Figure 7d) to illustrate the usefulness of this technique for this
type of device. After swelling the devices in the ionic liquid 1-Ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMITFSI), we evaluated the actuation of these hands by
connecting them at the palm (Video S1). The actuation properties of this milli/micro device are
interesting. For the hand, we achieved ~1 mm displacement when stimulating with a £2V
square wave potential at 0.1 Hz, which gives a strain of €=2,2 %. (See experimental section for
the definition of strain €. The active length was 2.5 mm and total actuator thickness 70 um.) The
performance can be further improved by adding an extra electropolymerization step during the

process to provide a more electroactive material.*
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Figure 7. a) Scanning electron microscopy image of the trilayer structure cross-section. b) A 500 x 2000 pm’
trilayer bending beam CP actuator of with its contact pad patterned using laser ablation. ¢) Five-millimeter-wide
patterned hands. d) Current signal from the actuation of the hand at a frequency of 1 Hz and potential amplitude of

+ 2 V. Video S-1 shows the actuation of one hand.

2.5. Actuation test

Figure 8a shows an array of free-standing syringe-based printed trilayer actuators (10 mm long,
wide and 70 um thick) following the method illustrated in Figure 6. One of these line actuators
was manually cut to investigate the actuation properties (Figure 8b). PPy electrochemical
deposition was performed for 2 hours at 0.1 mA cm™ at -18 °C from an electrolyte solution
(0.1M LiTFSI and 0.1M pyrrole in propylene carbonate).” The fabricated trilayer was immersed
into the ionic liquid EMITFSI until absorption (swelling) ceased (~6 hr) and its actuation
behavior was characterized by applying a = 1V square wave potential at 0.025 Hz to the
electrodes (Figure 8b). The total thickness of this actuator was ~100 um. The large bending
typical of CP actuators was also observed for these printed actuators. A maximum
deflection/bending of 10 mm (¢ = 2 %) was achieved similar to previous unpatterned devices,**
indicating that the patterned actuators perform similarly to their unpatterned counterparts.

Patterning in this manner eliminates many of the negative effects inherent in other techniques,

16



opening a new path for bottom-up fabrication of individually fabricated polymer actuators. To
demonstrate the potential of combining the two CP patterning techniques presented with laser
ablation, a device containing two individually addressable trilayer actuators has been fabricated
(Figure 8c). Two adjacent trilayer actuators from the array of actuators shown in the Figure 8a
have been neatly cut from the membrane using laser ablation, leaving a ~9 mm long segment of
the polymer electrolyte layer connected at the bottom, thus forming a device with two
individually controlled digits. The device, folded in half so that the actuators oppose one another,
clearly demonstrates that with further process and design optimization the combination of the
developed CP patterning methods with laser ablation enables the development of complex soft

microrobotic devices with individually controlled actuators.
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Figure 8. a) An array of syringe printed, individually controllable, flexible actuators. b) Juxtaposition of two
photographs showing the extreme states of the actuated trilayer device with an applied potential +1 V at 0.025 Hz
(presence of PPy layer). ¢) Top view of a device with two individually controllable digits. The device consists of

two juxtaposed trilayer actuators, connected at the bottom by a ~9 mm long segment of the polymer electrolyte

layer, cut from the array of actuators shown in (a) using laser ablation.

3. Conclusion
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We have demonstrated two complementary techniques — p-contact printing and syringe-based
printing — to create highly conducting CP patterns via Vapor Phase Polymerization. This was
enabled through a study that yielded an understanding of the tunable wetting of the oxidation
solution on the various substrates involved and a subsequent optimization of the process
parameters, including the PEGM-PEGDM content. This improved VPP technique achieved a
more uniform, higher conductivity film, with tuneable wetting for use on various substrates.
Patterns down to 100 pm can be fabricated with a good resolution using p-contact printing and
VPP. Line widths down to 1 mm can easily be achieved using syringe-based printing and VPP.
LCP combined with VPP is useful for fabricating micro-electrochemical devices of any arbitrary
shape with high resolution, and especially allows complete layouts to be printed in a single
patterning step. Syringe-based printing is very promising for fabricating functional devices at the
millimeter and submillimeter scales, especially for multilayered systems. Moreover, syringe-
based printing has the potential for use with 3-D printing to obtain 3-D electrodes and even
encapsulated devices. In these first demonstrations, the resolution was not optimized and can
likely be improved by further adjusting the processing parameters such as the stamps patterns
and their surface density, the formulation of the oxidant solution, the choice of the substrate and
the chemical functionalization of the surface of the stamp. Finally, we showed that it is possible
to fabricate fully functional electrochemical devices, in this case trilayer actuators, using the new
printing methods. In combination with laser ablation this should enable the fabrication of
complex soft micro-tools. The devices fabricated using these newly developed patterning
methods function as good as non-patterned devices, demonstrating that the patterning does not

result in any significant negative effects, thus opening the way of new bottom-up fabrication of
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individually fabricated electrochemical devices such as soft actuators, flexible batteries, and

stretchable components for bioelectronics and soft robotics.
4. Experimental

Materials: The oxidant solution, 40wt% Fe(Tos); solution in ethanol/Butanol mixture was
obtained from Heraeus corporation. Pyrrole was obtained from Sigma—Aldrich, distilled and
stored at —18 °C prior to use. Azobisisobutyronitrile (AIBN, Sigma-Aldrich) was recrystallized
in methanol prior to use. Cyclohexanone (Acros, 99.8%), poly(ethylene glycol)dimethacrylate.
(PEGDM, Mn = 750 g mol ™', Aldrich), poly(ethylene glycol) methyl ethermethacrylate (PEGM,
Mn = 475 g mol "), polyvinylalcohol (PVA, Mowiol 4-88, Mw=~31000 g.mol™") were purchased
from Sigma—Aldrich. Nitrile butadiene rubber (NBR) with 44 wt% acrylonitrile content was

obtained from Lanxess.
3,4-azobisisobutyronitrile (AIBN, Sigma-Aldrich) was recrystallized in methanol prior to use.

PVA deposition: A 10 wt.% PVA solution was prepared by dissolving PVA in water while
stirring for 24 h at 95 °C. The PVA layer was deposited on a glass substrate from the PVA
solution using a spin coater (Ramp 500 rpm-s™, 500 rpm for 30 s). A curing step of 5 minutes at

50 °C was applied to dry the film.

PEO-NBR semi-IPN synthesis®> PEO/NBR solid polymer electrolyte composition: PEO-NBR
50/50 semi-IPN film was obtained by an in-situ polymerization. First the linear NBR solution
was prepared by dissolving NBR in cyclohexanone (1:5 weight ratio). After complete
dissolution, PEO network precursors (50 wt.% vs NBR) were introduced by adding PEGM

monomer (75 wt.% of the PEO network), PEGDM crosslinker (25 wt.% of the PEO network)
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and AIBN (3wt.% of the methacrylic monomers). The mixture of PEO and NBR was then spin-
coated. The thickness of the polymer films depends on the selected spin coater speed, time and

solution viscosity. The substrate was then kept at 80°C for 10 h.

Oxidant solution preparation: The 40% oxidant solution was poured in a vial. The ethylene
oxide acrylate oligomers (PEGM-PEGDM) were then added to the solution and stirred with a
magnetic bar. The ethylene oxide acrylate oligomers derivatives had a fixed proportion of

monomers PEGM/PEGDM of 75/25 for each of the prepared solutions.

Vapor phase polymerization: The oxidant solution was spincoated on the substrate at 1000 rpm
for 30 s on a POLOS spin-coater on glass slides. The coated substrates were placed on the hot
plate in the vacuum oven (1 mPa) containing a Petri dish with 2 drops of EDOT and maintained
at 40 °C for 30 min. Thereafter the substrates were taken out, washed with ethanol and dried at

room temperature at 1 mPa for 2 h.

Electropolymerisation: The polypyrrole (PPy) layers were electrodeposited in a two-electrode
configuration at a constant current of 0.1 mA-cm™ for 2 hours using an Ivium compactstat or
IviumStat (Ivium Technologies, Eindhoven, The Netherlands) on the VPP PEDOT layer from a
0.1 M Pyrrole, 0.1 M LiTFSI and 1 wt.% water in a propylene carbonate (PC) solution for 2

hours at -18 °C. A stainless-steel mesh was used as the counter electrode.

Laser ablation: An adaptive laser ablation procedure was implemented, which was able to
accommodate the various device layouts. The ablation platform used in this work was a HL40-
5g, from Full Spectrum Laser LLC, which includes a 40 W CO, laser operated in raster mode

at 500 ppi and 100 % power. In these conditions, the devices were properly trimmed without
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producing damage by overheating the materials, since in the raster mode the laser only fires for

few ms in each location.

The cutting path was adapted to each particular device by first scanning (Konica Minolta C284
PS flatbed scanner) each VPP PEDOT pattern , and then directly drawing the desired laser path
on the digitalized image of each geometry using Photoshop. The result of the drawing procedure
was then transformed in a bitmap file (.bmp), which can be interpreted by the printer to

command the laser path.

Final adjustments, such as printing direction, scaling and thresholding (grey level selected for
black & white transition) were directly performed in the laser control software (Full Spectrum

RetinaEngrave3D).

uCP: The PDMS precursors (after mixing and de-gazing) were polymerized on top of the
template (silicon wafer with SU-8 pattern). The PDMS stamp was removed from the template

and then treated for 30 s in an O, plasma.

The different oxidant solutions were spin coated at 2000 rpm/500 rpm-s” for 30 s on glass
slides. By stamping the PDMS stamp on the iron tosylate spincoated glass slide, the PDMS
stamp got inked. The oxidant inked stamp can then pattern the PVDF and PVA substrates using

uCP. The oxidant pattern underwent VPP in the following step.

Syringe-based printing: Oxidant solutions were deposited using a syringe-based printer (Seraph
Robotics Inc. Fab@Home Model 3), using a 200 um-diameter nozzle (straight cannula, blunt end

tip, Fisnar Inc.). The different structures were printed using a deposition rate of 3.93-10° m’-s™
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and translation speed of 3 mm-s™ at 21 °C. The printed oxidant pattern underwent VPP in the

following step.

Contact angle (0) measurements were taken with a camera just after the deposition of the

droplet on the substrate. Measurements were made on three samples.

Actuation test: Ivium compactstat or IviumStat (Ivium technologies) was used to electrically
address the actuators. Gold coated kelvin clips were used to directly contact the actuators. The

displacement was recorded with a mobile phone camera.

Strain &: The strain is calculated from the following expression for the strain at any location
along the actuator length L*'***;

h (L—x)?
LA

e(x) =2 ytip; x=0; where the variable x starts from the fixed end of the actuator, h

and ytip are the total thickness of the actuator and tip displacement of the actuator in the

transverse direction, respectively.
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